INTRODUCTION {#s1}
============

*Benign* prostatic hyperplasia (BPH) is a condition in men whose prostate gland is enlarged because of the progressive hyperplasia of stromal and glandular prostatic cells and not cancerous \[[@R1]\]. It is the most common prostate problem for senior males and the main cause of urological dysfunction of middle-aged to senior men. The autopsy results from different geographical regions show that the incidence of histological BPH increases with ages \[[@R2]\]. Along with the increases of average lifespans due to the improvement of living standards and health conditions, incidences of BPH increase significantly. Although, α-blockers and 5α reductase inhibitors have achieved some beneficial outcomes in the treatment of BPH in recent years, both types of drugs exhibit different efficacies among different patients but certain side effects, and need to be used for long term but are not able to cure the disease \[[@R3]\]. Therefore, it is of great significance to promote the researches leading to BPH prevention.

Mammalian cells primarily use the autophagy-lysosome system to degrade dysfunctional organelles, misfolded/aggregated proteins and other macromolecules \[[@R4]\]. Defects in autophagy lead to an enhancement of oxidative stress \[[@R5], [@R6]\] or lysosomal rupture \[[@R7]\] which in turn activates NLRP3 inflammasomes that result in direct activation of caspase-1 \[[@R8]\]. Activation of caspase-1 eventually induces pyroptosis, an inflammatory form of cell death \[[@R9]\]. The release of immunogenic danger signals or danger-associated molecular patterns (DAMPs) from pyroptotic cells can fuel pro-inflammatory cascades that promote the mortality of host structural, hematopoietic and immune-competent cells \[[@R10], [@R11]\]. Inflammation induces compensative growth of both epithelial and stromal cells and enlargement of prostate \[[@R12], [@R13]\]. Therefore, autophagy may directly regulate BPH.

Peroxiredoxin 3 (PRDX3) is the only mitochondrion-associated member of peroxiredoxin family enzymes that exert their protective antioxidant role in cells through their peroxidase activity \[[@R14]\]. It was reported that PRDX3 is overexpressed in prostate cancer and promotes cancer cell survival by protecting cells from oxidative stress \[[@R15]--[@R17]\]. Since oxidative stress also induces autophagy \[[@R18]\], high levels of PRDX3 may lead to autophagy inhibition through oxidative stress suppression. We hypothesized that PRDX3 may inhibit autophagy to affect BPH. Here, we found the levels of PRDX3 protein in prostate tissues from BPH patients were significantly higher than those from healthy donors. PRDX3 was associated with mitochondria and its silence led to an enhancement of oxidative stress. High levels of PRDX3 led to an inhibition of autophagy flux and an activation of pyroptosis. Therefore, up-regulation of PRDX3 in prostatic tissues may promote BPH.

RESULTS {#s2}
=======

The expression of PRDX3 protein increases in epithelial cells of prostatic glands from BPH patients {#s2_1}
---------------------------------------------------------------------------------------------------

It was reported that levels of PRDX3 protein are higher in prostate tumor tissues than in their adjacent normal prostate tissues or disease-free normal prostate tissues, suggesting a potential role of PRDX3 in prostate adenocarcinomas \[[@R15]--[@R17]\]. To investigate the role of PRDX3 in the development of BPH, we collected normal prostate tissues from 8 healthy donors and BPH tissues from 28 patients to conduct histoimmunochemical staining using an anti-PDRX3 antibody. We found that BPH exhibited significantly higher levels of PRDX3 than in normal prostrate tissues (Figure [1A](#F1){ref-type="fig"}, Table [1](#T1){ref-type="table"}). The relative intensity of PRDX3 staining, the frequency of cells with positive signals and final scores of PRDX3 expression in BPH tissues, especially in epithelial cells, were significantly higher than in normal prostate tissues (Figure [1B, 1C](#F1){ref-type="fig"}). Further examination of the relationship of PRDX3 expression with the ages, serum PSA levels and prostate gland volumes among BPH patients did not found any difference (Table [1](#T1){ref-type="table"}). Therefore, PRDX3 protein is overexpressed in the epithelial cells of prostate glands of BPH patients.

![The expression of PRDX3 protein in human prostatic tissues\
(**A**) Representative images showing the immunostaining patterns of PRDX3 in prostatic tissues from healthy donors or BPH patients. The insets in black boxes are enlarged images. Bar = 100 μm. (**B**, **C**) Comparison of the levels of PRDX3 in total prostate tissues (B) or epithelial cells (C) from normal healthy donors and BPH patients. Bars represent the relative score of PRDX3 intensity (Intens), frequency (Freq) and level. \*\**P* ≤ 0.01; and \*\*\*\**P* ≤ 0.0001.](oncotarget-08-80295-g001){#F1}

###### PRDX3 levels and clinico-pathological characteristics

  Clinical features                 Case No.   $\overline{X} \pm s$   P
  --------------------------------- ---------- ---------------------- ----------
  **Normal prostate tissues**       8          1.88 ± 1.25            \< 0.001
  **BPH**                           28         4.36 ± 1.16            
   **Age (years)**                                                    
  ** ≤ 65**                         5          3.80 ± 1.30            0.244
  ** \> 65**                        23         4.48 ± 1.12            
  ** Serum PSA levels (ng/ml)**                                       
  ** \< 4**                         5          4.40 ± 1.34            0.929
  ** ≥ 4**                          23         4.35 ± 1.15            
   **Prostate gland volume (ml)**                                     
  ** \< 75**                        16         4.06 ± 0.93            0.123
  ** ≥ 75**                         12         4.75 ± 1.36            

\* $\overline{X} \pm s$, the mean ± standard deviation of PRDX3 levels.

The expression of PRDX3 protein in cultured prostate cells is similarly increased and associated with levels of autophagy flux {#s2_2}
------------------------------------------------------------------------------------------------------------------------------

Cell line BPH-1 represents cells originating from human benign prostate hyperplasia and RWPE-1 represents normal adult human prostatic cells, respectively. Both cell lines are epithelial. In consistent with results from human tissues, levels of PRDX3 protein were significantly higher in BPH-1 than in normal prostate cells (Figure [2A, 2B](#F2){ref-type="fig"}). In addition, total mitochondrial mass represented by the levels of TOM20 protein was more (Figure [2A, 2C](#F2){ref-type="fig"}). Levels of LC3-II represent a balance between synthesized and degraded autophagosomes. In order to measure autophagy flux, we treated cells with lysosomal inhibitor bafilomycin A1 to compare the amounts of autophagosomes accumulated during the same period of time. We found that levels of LC3-II in the presence of bafilomycin A1 were lower in BPH-1 than in normal prostate cells (Figure [2A, 2D](#F2){ref-type="fig"}), suggesting PRDX3 inhibits autophagy flux. Therefore, PRDX3 may impair autophagy flux and induce accumulation of mitochondria in BPH-1.

![PRDX3 expression and its association with autophagy flux in cultured prostate cells\
(**A**) Representative immunoblot showing the levels of PRDX3, TOM20 and LC3-II in in lysates prepared from three different cultures of BPH-1 and RWPE-1 cells in the absence (Ctrl) or presence of bafilomycin A1 (BAF). (**B**--**D**) The quantification of the relative levels of PRDX3 (B), TOM20 (C) and LC3-II (D) to β-Actin as shown in (A). Data are mean and standard deviation of three repeats and differences are tested with Student\'s *T*-test. \**P* ≤ 0.05; \*\**P* ≤ 0.01.](oncotarget-08-80295-g002){#F2}

Suppression of mitochondrion-associated PRDX3 leads to enhancement of oxidative stress in BPH-1 cells {#s2_3}
-----------------------------------------------------------------------------------------------------

PRDX3 was reported to be a mitochondrion-associated protein \[[@R19]\]. We confirmed the mitochondrial colocalization of PRDX3 with mitochondrial marker TOM20 in BPH-1 cells (Figure [3A](#F3){ref-type="fig"}). However, there were mitochondria stained with TOM20 which were devoid of PRDX3 (red signal, Figure [3B](#F3){ref-type="fig"}), indicating an accumulation of PRDX3-free mitochondria. To investigate the impact of PRDX3 on mitochondria, we selected a PRDX3-specific siRNA and efficiently suppressed the expression of PRDX3 in BPH-1 cells (Figure. [3C](#F3){ref-type="fig"}). PRDX3-deficient BPH-1 cells exhibited higher levels of oxidative stress than the control (Figure [3D, 3E](#F3){ref-type="fig"}). Therefore, PDRX3 suppresses mitochondrial oxidative stress.

![Mitochondrial association and impacts on oxidative stress of PRDX3\
(**A**) Representative images showing the colocalization of PRDX3 (green) with TOM20 (red) in BPH-1 cells. Bar = 10 μm. (**B**) A image showing a part of the merge showing in (A). (**C**) A representative immunoblot showing the levels of PRDX3 in BPH-1 cells treated with random (MOCK) or PRDX3-specific siRNA (PRDX3). (**D**, **E**) Representative images (D) and quantification (E) oxidative stress as indicated by the intensities of red fluorescence after staining with dihydroethidine hydrochloride. Bar = 200 μm. Data are mean and standard deviation of three repeats and differences are tested with Student\'s *T*-test. \*\*\**P* ≤ 0.001.](oncotarget-08-80295-g003){#F3}

PRDX3 inhibits autophagy flux by reducing levels of PI3KCIII {#s2_4}
------------------------------------------------------------

To understand the mechanism by which PRDX3 promote BPH, we tested the role of PRDX3 in the autophagy regulation. Reducing the expression of PRDX3 in BPH-1 cells with high levels of PRDX3 led to an enhancement of autophagy flux as indicated by the relative levels of LC3-II in the presence of bafilomycin A1 (Figure [4A, 4B](#F4){ref-type="fig"}). On the contrary, increasing the expression of PRDX3 in RWPE-1 cells expressing low levels of PRDX3 led to a reduction in autophagy flux (Figure [4C, 4D](#F4){ref-type="fig"}). Therefore, PRDX3 is an autophagy inhibitor.

![Impacts of PRDX3 protein on autophagy flux\
(**A**--**D**) Representative immunoblot (A, C) and quantification (B, D) showing the levels of LC3-II in BPH-1 cells treated with random (MOCK) or PRDX3-specific siRNA (PRDX3) (A, B) or RWPE-1 cells transiently expressing different amount of PRDX3 (C, D) in the absence (Ctrl) or presence of bafilomycin A1 (BAF). Data are mean and standard deviation of three repeats and differences are tested with Student\'s *T*-test. \**P* ≤ 0.05; \*\**P* ≤ 0.01; \*\*\**P* ≤ 0.001. (**E**--**G**) Representative immunoblot (E) and quantification (F, G) showing the levels of Beclin 1 (F) and PI3KCIII (G) in BPH-1 cells treated with random (MOCK) or PRDX3-specific siRNA (PRDX3). Ns, not significant; \**P* ≤ 0.05.](oncotarget-08-80295-g004){#F4}

To further understand the mechanism by which PRDX3 inhibits autophagy, we investigate the impact of PRDX3 suppression on the levels of Beclin 1 and PI3KCIII, two interactive proteins regulating autophagy initiation \[[@R20], [@R21]\]. PRDX3 depletion did not alter the levels of Beclin 1 but led to an increase in levels of PI3KCIII (Figure [4E--4G](#F4){ref-type="fig"}), resulting in an activation of autophagy.

Suppression of PRDX3 lead to suppression of pyroptosis {#s2_5}
------------------------------------------------------

Autophagy directly regulates pyroptosis \[[@R22]--[@R24]\]. Reducing the expression of PRDX3 in BPH-1 cells led to an increase in the levels of caspase 1 (P45) and a reduction in the levels of Caspase 1 (P20) (Figure [5A--5C](#F5){ref-type="fig"}), suggesting an impairment of caspase 1 activation. Pyroptotic cells release lactate dehydrogenase (LDH) out of cell membrane \[[@R25]\]. Suppression of PRDX3 in BPH-1 cells resulted in a reduction in the released lactate dehydrogenase in the culture media (Figure [5D](#F5){ref-type="fig"}). Therefore, PRDX3 promotes pyroptosis.

![Impacts of PRDX3 on pyroptosis\
(**A**--**C**) Representative immunoblot (A) and quantification (B--C) showing the levels of caspase 1 (P45) (B) and caspase 1 (P20) (C) in BPH-1 cells treated with random (−) or PRDX3-specific siRNA (+). (**D**) Plots of lactate dehydrogenase (*LDH*) activity released in medium from cultured BPH-1 cells treated with random (−) or PRDX3-specific siRNA (+). Data are mean and standard deviation of three repeats and differences are tested with Student\'s *T*-test. \**P* ≤ 0.05; \*\**P* ≤ 0.01.](oncotarget-08-80295-g005){#F5}

DISCUSSION {#s3}
==========

Eukaryotic mitochondrion is one of the most vital organelles resulted from symbiotic incorporation of α-proteobacteria into ancient archaea species. Although mitochondrion losses many functions during evolution, it gains a central role in the regulation of cell proliferation and death \[[@R26]\]. Mitochondria generate hydrogen peroxide through their respiratory chain and are the major sources of reactive oxygen species (ROS) in cells during normal metabolism or under pathological conditions \[[@R27]\]. PRDX3, the only mitochondrion-associated member of peroxiredoxin family, plays an important antioxidant role by catalyzing the conversion of hydrogen peroxide (H~2~O~2~) to H~2~O and helps maintain intracellular reactive oxygen species (ROS) steady state \[[@R9]\]. Active cell division and proliferation requires more energy that is produced by mitochondria so that high mitochondrial activity is induced and high mitochondria mass is accumulated. To remain a balance, high levels of PRDX3 evolves. It was reported that PRDX3 is overexpressed in prostate cancer and its overexpression promotes cancer cell survivals by protecting cells from oxidative stress \[[@R15], [@R28], [@R29]\]. The over-growth of prostatic cells characterizing BPH requires high mitochondrial mass and consequently high levels of PRDX3 as we observed in the BPH tissues.

Autophagy is the main pathway for cellular organelles and especially for mitochondria \[[@R30], [@R31]\]. It is induced under oxidative stress but simultaneously functions to mitigate oxidative stress \[[@R32]\]. For example, prostate stromal cells exhibit activated autophagy flux under hypoxia-induced oxidative stress \[[@R33]\]. On the one hand, PRDX3 depletion leads to oxidative stress enhancement that in turn autophagy activation. On the other hand, high levels of PRDX3 in epithelial cells in prostatic glands of BPH tissues are predicted to similarly inhibit autophagy flux. Autophagy promotes the clearance of damaged mitochondria that produce the reactive oxygen species. Autophagy inhibition leads to enhancement of oxidative stress and activation of pyroptosis. Epithelial cells died of pyroptosis will release pro-inflammatory stimuli to induce chronic inflammation and compensative growth of both epithelial cells and surrounding stromal cells shown in BPH tissues \[[@R12], [@R13], [@R34]\]. It was reported that activating the assembling of inflammasome led to production and secretion of IL-1β and IL-18 proinflammatory cytokines to perpetuate the inflammatory state associated with BPH \[[@R34], [@R35]\]. The compensative over-grown cells in BPH tissues have reached new balances so that levels of PRDX3 in the epithelial cells increase to counteract the elevated oxidative stress associated with increasing mitochondrial mass in the final stage of BPH development.

It seems contradicted that cells in tissues with high levels of PRDX3 exhibit high rates of growth but high levels of pyroptosis. It is logically postulated that cells with high levels of PRDX3 died of pyroptosis and disappeared under stresses so that the prostate tissues never became enlarged. However, due to the heterogeneity of cell population, some cells with sub-lethal amount of PRDX3 survive and may grow faster under chronic inflammatory stimulation induced by other cells died of pyroptosis. Those survived cells evolve to adopt the new environment in BPH tissues to express high levels of PRDX3 when the primary stresses that induce pyroptosis disappear. Those cells with high levels of PRDX3 in BPH tissues tend to commit pyroptosis to further promote inflammatory responses, compensative growth and potentially tumorigenesis. Therefore, PRDX3 inhibits autophagy flux and promotes pyroptosis to induce BPH.

MATERIALS AND METHODS {#s4}
=====================

Antibodies, siRNAs, plasmids, and other reagents {#s4_1}
------------------------------------------------

Antibodies against human LC3 (catalog no. NB 100-2331) were purchased from Novus Biologicals. Primary antibodies against PRDX3 (catalog No.sc-59661), Beclin 1 (catalog no. sc-11427), and β-actin (catalog no. sc-47778), random sequence control siRNA (catalog no. sc-44234) and siRNA specific to PRDX3 (catalog no. sc-40833) were from Santa Cruz Biotechnology, Inc. HRP-conjugated secondary antibodies against mouse (catalog no. 172-1011) and rabbit (catalog no. 172-1019) were from Bio-Rad. FITC goat anti-rabbit IgG (catalog no. R6393 and A-21070), dihydroethidium (catalog no. D1168), Lipofectamine® 2000 (catalog no. 11668027), Oligofectamine (catalog no. 12252-011) and Pierce™ LDH Cytotoxicity Assay Kit (catalog no. 88953) were from ThermFisher Scientific. Antibody against caspase 1 (catalog no. PRS3459), and bafilomycin A1 were from Sigma-Aldrich. Antibody against TOM20 (catalog No. 612278) was purchased from BD Bioscience. Antibody against PI3KCIII (4263) was from Cell Signaling Technology.

Enrollment of patients and collection of human prostatic tissue samples {#s4_2}
-----------------------------------------------------------------------

This study was approved by the institutional review board of Guangzhou Medical University. The university provided the necessary institutional data and shared agreements before study initiation. A total 28 BPH patients were elected from those enrolled in the Guangzhou First People\'s Hospital affiliated with the university. A complete set of clinical data including age, serum PSA levels and prostate gland volume were collected. Normal prostate tissues were collected from 8 healthy donors. All collected prostatic tissues were processed and subjected to immunohistochemistry analyses as we previously reported \[[@R36], [@R37]\].

Semiquantitative analysis {#s4_3}
-------------------------

Immunostaining results presented as percentage of positively stained cells and staining intensity were estimated in a double-blinded manner similarly as described \[[@R36], [@R37]\]. Briefly, the percentage of positive cells was scored as 0 if no cells were stained, 1 if 1--10% cells stained, 2 if 11--50% cells stained, 3 if 51--80% cells stained and 4 if \> 80% cells stained. The staining intensity was scored as 0 if no staining was seen, 1 if cells were weakly stained, 2 if they were moderately stained and 3 if they were strongly stained. The combined scores for intensity and frequency (0 to 7) represented the expression levels of PRDX3. The differences of staining scores of PRDX3 between different clinicopathological groups were evaluated with the Student\'s *T*-test.

Culture of prostatic cells for immunochemistry analyses and assays of oxidative stress, lactate dehydrogenase activity and cell proliferation {#s4_4}
---------------------------------------------------------------------------------------------------------------------------------------------

Cell line BPH-1 developed from immortalized cells from human benign prostate hyperplasia with SV-40 large T-antigen and RWPE-1 (ATCC CRL-11609) derived from a histologically normal adult human prostate were cultured using standard techniques as described \[[@R38], [@R39]\]. The expression of PRDX3 in cultured prostatic cells were altered by transient transfection of either siRNAs or plasmids. Untreated or treated cells were fixed and subjected to fluorescent immunostaining with antibodies against PRDX3 and TOM20 for confocal microscopy analyses or harvested to prepare lysates for immunoblot analyses as we previously described \[[@R20]\]. Cultured cells were incubated with dihydroethidium to measure oxidative stress as we previously reported \[[@R40]\]. Culture media were collected and subjected to measuring the lactate dehydrogenase activity as we previously reported \[[@R23]\].
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